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\ RF STABILIZATION OF MOLECULAR DISCHARGES
\““Two rate equations are important in determining the stability of the discharge. The

first is the electron production and loss

d
2 o nmne ~ an? — fn, (1)
dt

-and the second is the metastable production and loss

—— = (0V)nng — Nt/ Tm (2)
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‘where n, is the electron density, ny, is the metastable densil:y,f‘l‘.(t'J is the recombination rate,
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\:ﬂ is '&bg_ attachment rate, (gv) is the electron impact metastable production rates constant
and :,;Q1:ti'1e metastable lifetime. The ionization rate constant v in Eq. (1) is assumed
to be the result of metastable ionization. Since the metastable levels have a much smaller
ionization energy than the ground state the ionization rate of the discharge is dominated
by electron impact ionization of the metastables. The stability of Eqs. (1) and (2) will be
analyzed assuming that the applied discharge is sinusoidally varying. Hence the various
rates are determined by the local RF electric field of frequency w which is generated
externally by the system shown in Fig. 1. From the analysis performed in Phase I Science

Research Laboratory (SRL) has shown that a current source is volumetrically stable and

so the initial analysis will assume an RF current source. |+ - .\icy 4N \ ) \ )
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We shall assume now that the rates describing the variation of n, and n,, in Egs. (1)
and (2) (i.e. vnm,, an,, 8, yn./n,) are much smaller than w/27, so that one can use time
averaged rate constants in these equations. On the other hand, we shall assume that
w/2m is much smaller than the electron energy distribution equilibration rate (Vipetastic)s
and therefore in the above mentioned time averaging process one can use the rates corre-
sponding to the stationary discharge with the electric field equal everywhere to the field

in the RF discharge at a given time. Thus we assume

vy, << ‘-‘J/‘-z"r << Vjnelastic (3)
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Assuming a 100 Torr discharge, vnm ~ 10° sec™! and v!%, = 10! sec™?, so that 1 MHz
<< f = w/2r << 10? GHz.

At this stage it will also be assumed that the vacuum wavelength of our oscillator
(A = 27c/w) is much larger than L, so that in the vicinity of the discharge one can
neglect the relativistic retardation of time due to the extended volume, and treat the
electromagnetic problem as being quasistationary. For L = 1 m, the condition L << )\
vields f << ¢/L = 3 - 10® sec™. So that we are limiting our discussion to frequencies in
the range 10 MHz < f < 100 MHz.

The quasistationarity condition means that in the Maxwell equation for ¥V x B one can

neglect the displacement current and use the “magnetstatic” law

— 47 -
VX —==—j(t 4
xg=—J® (4)
while E is given by the Faraday law and the quasi-neutrality
—~  10B
\Y = ———
x E Py ()
V-E=0 (6)
Equations (4), (5) and (6) yield
- 8 ;
v: E= roJ
E = 5 (7)

where the current density in the plasma is given by j= ¢ E, with the conductivity ¢ =

—en.p. The simplest model for the mobility u will be used to give

eln,

o =

(%)

MVeou
Now we shall consider the steady state of Eqs. (1-2) assuming cylindrical symmetry
and that
E= Re(E,e~“")¢,
Therefore, all the parameters of the steady state (n.e, mo, 00,E,) are functions of r alone.

In steady state one obtains

Nmo = YTNe (9)
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B
= 10
Neo VT —a ( )
All the rate constants are temporally averaged over the voltage oscillation.
Returning back to Eq. (7), the steady state equation gives
1d dE, A4Areln, w
= = 1
rdr (r dr ) +e mc? VC,,UE° 0 (11)
The solution of this equation is (assuming n., =~ const(r))
E, = AJ,(xr) (12)
where
= i47re2n¢o w_o_ 2t (13)

me? vy 62

and 4 is the collisicnal skin-depth

/
C CMVecoll
= = 4
d Virtow (2W€2neow> (14)
The constant A in Eq. (12) can be found from the condition that the magnetic field on
the surface of the plasma equals to 2I,/cR, where I, = V,/Z is the current given by the

external current source. From the Faraday law

w - OE,
7 Be=(Vx E)s = ——- (15)
so that
By = —=xAJi(xr) (16)
and therfore
2I,w ,
A=j——— 17
c?Rxj1(xR) (17)
In the limit of low frequencies, when
R C2choH
?<<1~—vw<<m (18)
we can use the small argument expansion of the Bessel function to obtain the expression
for E,:
2w [ 6\} t /r\?
rn= 22 (5) -5 (19)
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Condition (18) is important, since, as follows from (19), it allows one to have a radially

uniform discharge in the steady state. For example, in the case of a 100 Torr laser discharge
(Veott ~ 3- 10! sec™?), R = 3 cm and n¢, = 10'% cm™?, (18) yields w << 2-10'° (f << 3
GHz) which is within the quasistationary limit (f < 100 MHz) described earlier.

When (18) is satisfied, Eq. (19) yields

2Lw [ 6\°
Eo(r)’: (E) ~

c?

= const(r
— (r)

It is precisely this inverse dependence of E, on n, which assures the global stability of
the discharge in the current source scheme. Any increase (or decrease) of the total density
leads to the decrease (or increase) of E, and therfore to the decrease (or increase) of the
electron and metastable production rates. This suppresses the initial perturbation. The
details of such a global stabilization by the current source are similar to those already
considered previously for the DC discharge. In contrast to the DC discharge, however,
the RF current source also allows to control the local, streamer type instabilities via the
skin-effect. This analysis will be presented next.
1.1 Stability Analysis

Assume that the large skin-depth condition (18) is satisfied for a given steady state
so that n.,, 7me, 0o, E, are “almost” (to order (R/§)?) uniform throughout the plasma
volume. One can introduce a small local streamer type density perturbation of a char-
acteristic transverse size A. The diffusion term will be added to the rate equations since

non-uniformities are of interest. Hence one can write

%Tz—e = YNmn, — anf - Bn.+ D,V?n, (20)
Ong m
_37_ = n, — nT- + D,,.Vznm (21)

where D, and D, are the ambipolar and metastable atomic diffusion coefficients respec-
tively. D, is of the order 1/3vu,:\ ~ 10? cm?/sec/Torr while D, may probably be 10 times

larger (D, ~ 10® ¢cm?/sec Torr).
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The perturabation in n. leads to a local conductivity perturbation which in turn results

in the decrease or increase in the (rms) electric field value, depending on the sign of the

density perturbation. The effect is similar to the skin-effect and can be used to suppress
a possible absolute instability in the discharge (as that associated with the attachment).
This stabilization phenomenon will be considered in more details. In what follows, the
diffusion of metastables will be neglected for simplicity. It will also be assumed that =~?

is the fastest rate in Eqs. (20 and (21), i.e.,
1 2
'1'_' > UNpey QNeg, ,B, Da/A (22)

Typically the rate 7~! is in the few MHz region, while the other rates belong to the
sub-MHz scale. For times ¢ > 1us, condition (22) Eq. (21) to be replaced by

nm(t) = Tyn.(t) (23)

(this is the fast scale analysis of the previous study) Then Eq. (20) becomes

Q;_{C_ = (""77' - a)ns — fBn. + Davznc (24)

If n, = const, Eq. (24) again yields the steady state Eq. (10).
At this point the perturbation analysis, will be employed i.e. solution of Egs. (7) and

(24) in the form

(25)

p—

E = (E, + E))e™',

where all the perturbations (n.;, £) vary slowly in time

Ne = Neo + Ney }

dln
(%l#l <<1,¢= nchEl>

The perturbed equations become (after the linearization):

2 2
V?E; = —~i im Y (nelE, + ne,Er) + [ ine (an“EoJrn %)] (26)

cMmucon ctmuon \L N Ot
on -
—0_;-1- = [2(vyT = a)ne, — Bl ney + DaVing + [(V‘y‘r - a)'n?, - ﬂ'n,o] E, (27)
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Here (...)) = 0/0F, (...). Finally, neglecting the selected term in Eq. (26) and using the

steady state relation (10) in rewriting Eq. (27) one obtains

2 /n,
ViE, = —iz (n‘E + E,) (28)
Ong _ (vyr—a) 8 0
at ﬂ Cl + D V ne] + ﬂneo [ (UA/T _ a) ﬂ} El ("‘9)

The skin-depth é has again been introduced in Eq. (28).

At this stage a solution of Eqs. (28)-(29) in the form n.;, E; ~ e'*7 are searched for,

where |E|? is of O(27/A) Then one has

2 E,
[ -k + 52] E = 5; Tey (30)
dnel
dt (ﬂ D k )ncl + ﬁn,oB E] (31)

where

y_(vyr—a) B
B=tr=a "8 (32)

By substituting E; from (30) into (31) one obtains

dnel

48ne, EqB’ 28n.,EyB'k%6%
it +

retra ) T T hgita

=B~ D,k?* —

]ncl (33)

Since k > 2r/R and S >> R one finds (ka)* >> 4 and therefore (33) reduces to

d(ln ncl) 4/3ncoEOB, 2/BncoE‘oB,

= A3 _ 2
dt B = Dik k464 1252 (34)
The last equation shows that a stable operation corresponds to the case
43n,,E,B'
— _ 2 - eoio -
& =p8-D,k TR 0 (35)

One observes that there exist two stabilizing phenomena in the system. The first is
due to the diffusion and is effective in stabilizing short scale density perturbations The
diffusion simply smoothes the short scale non-uniformities. The second phenomenum is

7
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basically the skin effect. It is more important in suppressing larger scale perturbations,

espesially those of size comparable to the radious of the plasma column.
The interplay between the two stabilizing processes can be demonstrated by drawing

the curve showing the dependence of & = ®(k?) (see Eq. (35)). A typical situation is

shown in Fig. 2.

®(k?) reaches its maximum value

4 ¢o Q ! 2 1/3
&, =0 —2.05 (—W) (36)
at
86n., E,B"\'/* .
.= (P (37

Therefore, in case k,, > 27/ R, the stability condition for the entire k - space becomes

4n,,E,B'D?

1/2
T ) = G(~ wnll?) (38)

ﬂ<2.9(

Note that the stable operation is easier at higher frequencies and plasma densities.
Note also that the final value of Da is important, since (38) can not be satisified for

D, — 0.
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